Integrating graphene with plasmonic nanostructures results in multifunctional hybrid systems with enhanced performance for numerous applications. In this work, we take advantage of the remarkable mechanical properties of graphene to combine it with scalable 3D plasmonic nanostructured silicon substrates, which enhance the interaction of graphene with electromagnetic radiation. Large areas of femtosecond laser-structured arrays of silicon nanopillars, decorated with gold nanoparticles, are integrated with graphene, which conforms to the substrate nanotopography. We obtain Raman spectra at 488, 514, 633, and 785 nm excitation wavelengths, spanning the entire visible range. For all excitation wavelengths, the Raman signal of graphene is enhanced by 2-3 orders of magnitude, similarly to the highest enhancements measured to date, concerning surface-enhanced Raman spectroscopy (SERS) of graphene on plasmonic substrates. Moreover, in contrast to traditional deposition and lithographic methods, the fabrication method employed here relies on single-step, maskless, cost-effective, rapid laser processing of silicon in water, amenable to large-scale fabrication. Finite-difference time-domain 3 simulations elucidate the advantages of the 3D topography of the substrate. Conformation of graphene to the Au-decorated silicon nanopillars enables graphene to sample near fields from an increased number of nanoparticles. Due to synergistic effects with the nanopillars, different nanoparticles become more active for different wavelengths and locations on the pillars, providing broadband enhancement. Nanostructured plasmonic silicon is a promising platform for integration with graphene and other 2D materials, for next-generation applications of large-area hybrid nanomaterials in the fields of sensing, photonics, optoelectronics, and medical diagnostics.
Introduction
Graphene is the celebrated two-dimensional material with remarkable mechanical, electronic, thermal, chemical, and optical properties 1, 2 and a wide range of applications in the fields of sensing, electronics and optoelectronics, light harvesting, and photonics, among others [2] [3] [4] [5] . Most of these applications involve the interaction of graphene with electromagnetic fields, therefore enhancement of this interaction is essential. Integrating the atomically thin graphene with plasmonic nanostructures results in graphene experiencing enhanced electromagnetic near fields due to coupling with surface plasmon modes 6 . Due to its physical and chemical properties, graphene is particularly attractive for integration, resulting in multifunctional hybrid systems with enhanced efficiency for numerous applications 7 . Specifically, plasmonic nanostructures in combination with graphene or other two-dimensional materials have already demonstrated a promising potential for the development of high-performance photodetectors 5, 8 , solar cells 7 , optical modulators 9 , fuel cells 10 , as well as chemical and biological sensors 11, 12 .
4
A revealing testbed for the understanding and exploitation of the interaction of graphene with plasmonic substrates is surface-enhanced Raman scattering (SERS), which relies fundamentally on light-graphene interaction. Enhancing the Raman spectrum of graphene is important for understanding the behavior of graphene on a given substrate, as it allows for the identification of the number of layers, type of doping, strain, defects, temperature effects, chemical modification, disorder, and edges, among others [13] [14] [15] . The vital dependence of the properties of 2D materials on the underlying substrate and the modulation of these properties by substrate engineering have been reviewed recently 16 . Integration of graphene with plasmonic metallic nanostructures has been shown to enhance the Raman signal of graphene by 2-3 orders of magnitude [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . To this end, various kinds and geometries of metallic nanostructures have been employed, including nanodisks 23 , nanodots 24 , nanopyramids 22 , polygons, dendrites, dense clusters 27 , and irregular islands 18, 27 , which resulted in measured enhancement factors of the Raman signal of graphene as high as 1000. However, most of these structures, usually developed with multi-step and elaborate deposition and lithographic methods, are limited to laboratory-size areas which lack scalability, constricting real-world applications [29] [30] [31] . Furthermore, they are mostly restricted to 2D topographies, usually lying on flat substrates, with which graphene behaves mainly as a rigid over-or underlayer. Therefore, the challenge remains for integration of graphene with large-scale plasmonic nanostructures, taking advantage of the remarkable mechanical stability of graphene in 3D configurations.
Surface nanopatterning is an alternative to lithographic methods for the development of plasmonic nanostructures. Laser processing is a single-step, maskless, tabletop method to create uniformly micro/nanopatterned surfaces over large areas. Coating these micro/nanopatterned 5 surfaces with thin metallic layers results in the spontaneous formation of metallic nanoparticles, rendering them plasmon-active. Nanosecond and femtosecond laser-patterned silicon wafers, coated with metallic thin films and nanoparticles, have been used as efficient SERS substrates with liquid analytes recently [29] [30] [31] [32] [33] [34] [35] [36] . Nanostructured silicon with gold nanoparticles was employed as a SERS substrate for Rhodamine 6G spectroscopy and provided enhancement factors of 10 4 31 and 10 7 33, 34 . Arrays of silicon nanopillars with silver nanoparticles demonstrated high sensitivity and reusability as a SERS substrate for Rhodamine 6G and Methylene blue 35 , while resulting in a
Raman enhancement factor of 10 9 for melamine molecules 36 and 10 7 for benzenethiol 30 . Arrays of silicon microsquares containing aggregates of silicon nanoparticles were coated with a thin silver film and reached a Raman enhancement factor of 10 6 for 4-methylbenzenethiol molecules 29 . These substrates demonstrate not only large enhancement factors but also high uniformity of the Raman signal and enhancement factor over macroscopic areas 29, 30, 35 . They are robust with great structural stability, for long-term integration with spectroscopic devices having little degradation in performance 30 . More importantly, their 3D topography provides an increased surface area for nanoparticle deposition and pronounced plasmonic effects 29, 33, 34 . Indeed, gold nanoparticles on nanostructured silicon substrates show higher enhancement factors for Raman spectroscopy compared with gold nanoparticles on pristine silicon 31 .
In this work, we take advantage of the remarkable mechanical properties of graphene to combine it for the first time with scalable 3D plasmonic silicon-based platforms, which enhance the interaction of graphene with electromagnetic radiation. As a non-rigid 2D solid material, graphene is ideal for integration with a 3D substrate due to its extraordinary strength, which allows it to conform to the substrate nanotopography and maintain its structural integrity. In more general terms, we exploit the unique ability of 2D materials to be combined with 3D
substrates, as they can be grown over large areas with low-cost methods such as chemical vapor deposition, unlike bulk semiconductors which require high-quality epitaxial growth.
Furthermore, the surface of graphene is chemically passivated, supporting integration with an arbitrary substrate 5 . We demonstrate the plasmonic enhancement of the interaction of graphene with the electromagnetic field via the SERS case, by employing large areas of femtosecond laser-structured arrays of silicon nanopillars, decorated with gold nanoparticles, as SERS substrates. We probe graphene for its plasmonic-enhanced Raman spectral signal at four excitation wavelengths, which span the visible range of the electromagnetic spectrum (488, 514, 633, and 785 nm). The Raman signal of graphene on the plasmonic 3D substrate is enhanced by 2-3 orders of magnitude, compared with pristine silicon substrates, which allows for probing the fine structure of Raman scattering in graphene. This enhancement is similar to the highest ones measured to date, concerning SERS of graphene on plasmonic substrates, and it is achieved via single-step, cost-effective, rapid laser nanopatterning methods, amenable to large-scale fabrication. Broadband enhancement is observed for all excitation wavelengths, across the entire visible electromagnetic spectrum. Numerical simulations employing the finite-difference timedomain (FDTD) method confirm the plasmonic nature of the Raman enhancement and elucidate the advantages of the 3D topography of the substrate. The Raman signal is calculated to increase monotonically with the degree of graphene conformation to the substrate, demonstrating the advantages of exploiting a 3D topography. The broadband and intense enhancement of the interaction of graphene with electromagnetic radiation, shown here, is pertinent to ultrasensitive sensors as well as to a broader family of silicon-integrated photonic and optoelectronic applications based on 2D materials, such as photodetectors, solar cells, light emitting diodes, optical modulators, etc.
Methods
Substrate preparation. Nanostructured silicon substrates were fabricated by femtosecond laser processing in water. The output pulse train of a regenerative Ti:sapphire laser amplifier (800 nm wavelength, 160 fs pulse duration, 20 KHz repetition rate) was frequency-doubled to a wavelength of 400 nm using a BBO crystal. The pulse train was focused on a p-type (100) silicon wafer to an average fluence of about 1 J/cm 2 on its surface, with the silicon wafer being placed in a cuvette filled with distilled water. The cuvette was mounted on a computer-controlled set of xy translation stages and raster scanned at an appropriate speed so that each spot on the silicon surface was irradiated by 1000 pulses. This process resulted in the formation of a quasiordered array of nanopillars on the silicon surface. The nanostructured silicon substrates were coated by thermal evaporation with a nominal 50-nm thick gold layer, resulting in a dispersion of gold nanoparticles on the surface 37, 38 . In order to separate effects arising from the substrate geometry from plasmonic effects, three other types of substrates were also employed: a) nanostructured silicon without gold nanoparticles, b) flat, unstructured silicon with a 50-nm thick gold layer, and c) flat, pristine silicon without a gold layer.
Graphene growth and transfer (Fig. 1 with a linewidth of ca. 500 cm -1 (Supporting Information Fig. S1 ). Since this band is absent when using the other three excitation wavelengths, it should be a fluorescence rather than a vibrational band. Similar fluorescence bands have been observed in the Raman spectra of sodalime silicate glasses with 785 nm excitation and they have been attributed to the presence of rare earth ions, like neodymium, in ppm concentrations in the soda-lime silicate raw material 40 .
Therefore, we attribute this fluorescence signal as coming from the Raman microscope objective lens, made of soda-lime silicate material, which is excited with the 785 nm line collected in the backscattering geometry. This parasitic signal becomes noticeable in the case of the gold film on 10 flat silicon for the 785 nm excitation line because for this wavelength the gold film acts as a good reflector and backscatters laser light, as the reflectivity of gold is more than 95% at 785 nm. The fluorescence background signal has been subtracted from the Raman spectra to reveal clearly the superimposed graphene bands (Fig. S1 ).
Results and Discussion
Graphene on nanostructured silicon The 3D plasmonic substrates, employed in this work for Raman spectroscopy of graphene, are developed by laser processing of silicon in water. This tabletop nanopatterning method is single-step, cost-effective, rapid, does not require the use of lithographic masks or vacuum, and is scalable as it poses no inherent limitation on the processed silicon area 44 . The nanostructured silicon substrates show great mechanical robustness as the nanopillars are 13 monolithically formed on the original silicon wafer. The morphology of the surface is reproducible and controllable by tuning the fabrication parameters, such as laser pulse duration, surrounding medium, laser fluence, wavelength, and number of pulses 45 . Spontaneous formation of gold nanoparticles upon thermal evaporation of gold on nanostructured silicon further simplifies the fabrication process. The size and density of the nanoparticles depends on the amount (nominal thickness) of the metal coating, the deposition rate, and the substrate temperature 30 . Post-deposition processing, such as laser heating and melting of the metallic layer, leads to additional modifications of the nanoparticle morphology 34 . Thus, the optical properties of the plasmonic substrates may be tuned according to the application 29, 30, 34 .
Raman spectra of graphene on silicon substrates For all wavelengths, the D peak appears more intense for the nanostructured silicon substrates (coated and uncoated). This peak indicates the presence of defect states, which are necessary for its activation. Defects are introduced either during graphene growth or during the wet transfer process on the substrates. The low intensity or even absence, for some wavelengths, of the D peak on the flat silicon substrate indicates good quality growth. The enhancement of the D peak on the nanostructured substrates is probably due to folding and cracks induced in graphene during transfer on these nano-rough surface 22 . The D peak, also activated by the presence of defects in an intravalley process 14 , appears near the G peak and it is often unresolved. In Fig. 3 , the D peak is resolved only for the highly enhanced spectrum on the plasmonic substrate and appears clearly only for the longer excitation wavelengths of 633 nm and 785 nm. The D+D peak, assigned to a combination of a D phonon and a D phonon, also defect related, is detected only on the nanostructured silicon substrates (coated and uncoated), and, like the other peaks, it appears enhanced on the coated plasmonic nanostructured substrate.
The D peak, expected at ~1100 cm -114 , is not observed. The overtones of D and D peaks, 2D
and 2D, respectively, do not require defects for their activation and are always present. In Fig. 3 , the high-frequency 2D peak is shown only for the 488 nm and 514 nm excitation wavelengths, because for the 633 nm and 785 nm excitation wavelengths the Raman shift measured by the apparatus was limited to 3200 cm -1 , i.e., below the 2D position. Similar to the other defect peaks, 2D is barely present for the flat silicon substrates and appears enhanced for the nanostructured silicon substrates.
The position of the G, D, and 2D peaks is shown in Fig. 4 as a function of the excitation photon energy, for graphene on each of the substrates used in this work. Lines are least square fits to the data. The D and 2D peaks are known to be dispersive with excitation energy 14, 46 .
Indeed, as shown in Fig. 4 Furthermore, Fig. 4 shows that the dispersion of the D and 2D peaks is similar for graphene on flat and nanostructured substrates, indicating that the morphology of the substrate does not affect this property of graphene. The G peak is known to be non-dispersive with excitation photon energy, as shown for all substrates in the inset of Fig. 4 14 . The position of G and 2D peaks varies with the substrate. In Fig. 4 we observe blueshifted G and 2D peaks for the flat pristine silicon substrate, compared with usual literature values of unstrained and undoped graphene [49] [50] [51] . This indicates the presence of p-doping in the graphene layer 13, 52 , induced either by the p-type silicon substrate or during graphene growth and transfer. For the uncoated nanostructured silicon substrate, both G and 2D peaks are red-shifted with respect to the flat silicon substrate (the effect appears more pronounced for the G peak position, which is plotted on a finer scale). This may be explained by the synergistic action of two effects: first, tensile strain, induced upon transfer of graphene on this non-planar substrate 13 , and second, a reduced contact area of graphene with p-type silicon, as graphene is partially suspended between nanopillars on this substrate, which leads to a reduction of substrate-induced p-doping. The G and 2D peaks are even more red-shifted for the flat silicon substrate with gold film, with respect to the flat pristine silicon substrate. In this case, the peak positions are similar to the ones of unstrained and undoped graphene, indicating this substrate does not significantly modify the electric and mechanical properties of graphene. Finally, for the nanostructured silicon substrate with gold nanoparticles, the G peak is red-shifted and the 2D peak is blue-shifted compared with the flat silicon substrate. The behavior of graphene deposited on this substrate needs complex analysis as the gold nanoparticles induce doping 17, 49 , including the injection of hot carriers into which the surface plasmon resonance decays via Landau damping, and the morphology of the substrate induces tensile strain in graphene. Doping and strain configurations on this substrate are totally unknown and their interaction causes the simultaneous red shift of the G peak and the blue shift of the 2D peak. Strain and doping effects are also evident on the full width at half maximum (FWHM) of the Raman peaks, presented in Supporting Information (Fig. S7) . A detailed investigation of the peak position and FWHM with respect to the substrate will be the subject of a future study.
In Figure 3 we observe that the Raman signal of graphene is enhanced on all substrates compared with the flat pristine silicon substrate, for most excitation wavelengths. To quantify the enhancement of Raman scattering we define the enhancement factor, F = I substrate / I flat Si , as the 20 ratio of the Raman signal intensity of selected graphene peaks on each substrate divided by the Raman signal intensity of graphene on the flat silicon substrate. be made in the following Section as a function of the excitation wavelength (see Fig. 9 ). As shown in Table 1 , the highest enhancement factors, between two and three orders of magnitude, are obtained with the nanostructured silicon substrate with gold nanoparticles. For this substrate, the highest measured enhancement factor is F = 880 for the G peak and F = 420 for the 2D peak, both under 633 nm excitation wavelength. These values are similar to the highest measured enhancement factors reported in literature (~1000) for SERS of graphene on plasmonic substrates [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . A higher enhancement is achieved when graphene is placed on top of plasmonic structures, as in this work, than when it is placed below them. This is because shadowing effects are avoided in the former case 25, 28 . It should be noted that although the maximum apparent enhancement factor measured in this work is 880, the local enhancement factor may be much higher due to the fact that the Raman excitation beam diameter on the sample is 2-4 μm, averaging contributions from nanometric regions of the sample with strong Raman enhancement (hot spots) and regions with negligible contribution, as it is revealed below by the theoretical calculations shown in Fig. 8 Enhancement factors are calculated with respect to graphene on flat silicon.
Simulations of the Raman enhancement factor for graphene on silicon substrates
We complement the Raman measurements with numerical simulations in order to confirm the plasmonic nature of the Raman enhancement and gain insight on the effect of the substrate topography. We use the finite-difference time-domain (FDTD) method 53, 54 following the procedure established in Ref. 24 . We assume that the absorption at a particular point in graphene is proportional to the locally enhanced tangential field intensity and that the Raman emission from that point is proportional to the corresponding Stokes-shifted enhanced intensity. For nanostructured silicon we assume a simplified model consisting of a periodic square array of silicon pillars with period = 400 nm, base radius 0 = 150 nm and height = 500 nm (Fig. 6a) which is however expected taking into account that ω s is more red-shifted in the former case.
With dashed horizontal lines denoting the experimental measurements, we note a good qualitative agreement for three excitation wavelengths (488, 514, and 785 nm) but a rather large deviation for 633 nm. Theoretically, we do not expect such a small enhancement value at this particular wavelength and, thus, cannot explain this disagreement at this point. Aside from that and considering the large number of simplifications made in this theoretical study regarding the actual silicon nanostructure (random pillar heights, thicknesses, shapes, and separations) and the actual graphene conformation on it, the agreement concerning the order of magnitude of the enhancement is more than satisfactory. Next, we simulate the Au-decorated nanostructured silicon substrate. A cross section of the model is shown in Fig. 7a , where 50-nm diameter gold spheres have been placed on the silicon pillars. Here, we ignore the presence of a native oxide silicon layer on the silicon pillars because its effect on the electromagnetic response of the substrate is negligible (Figs. S8 and S9 in Supporting Information). The graphene sheet conformation is now also around the gold spheres.
To keep our model simple, we assume again the same functional form for graphene, but with its Therefore, the 3D topography, which disrupts the flat interface, is preferential for SERS on reflective surfaces. higher enhancement values compared to the ones at longer wavelengths, as seen in Fig. 9 , middle part. For the decorated nanostructured silicon, on the other hand, the Raman signal is clearly above the one from suspended graphene and definitely enhanced due to plasmonic fields. As a final comment, we note that while the scattering of measured and simulated data is expected given the large difference between simulated (periodic) and actual (random) substrate structures, the good overall agreement in terms of trends and order of magnitude is promising. For example, making measurements on periodic substrates we could potentially use simulations to estimate the actual graphene conformation. Such periodic structures would also allow for controlling the period and width of the silicon nanopillars, which in turn would affect the enhancement of the graphene Raman signal, however they are beyond the scope of this work, which focuses on the simplicity and scalability of laser processing. 
Conclusions
We have integrated, for the first time, graphene with a 3D, non-planar, scalable platform, compatible with the vast silicon infrastructure and monolithic electronic/optoelectronic systems.
The mechanical flexibility and strength of graphene, and 2D materials in general, allow them to conform to the topography of the substrate. We have probed the effect of the nanotopography of the silicon platform with gold nanoparticles (plasmonic substrate) on the interaction of graphene with electromagnetic radiation via the SERS case. The 3D geometry we propose has two advantages compared with 2D plasmonic geometries, achieving near-record enhancement of the Raman signal of graphene: a) due to its flexibility, graphene conforms to the 3D substrate nanotopography, increasing its interface area with plasmonic nanoparticles and the sampling of Combinations of strain and doping in graphene were evident on the Raman spectra obtained on the different substrates employed in this work. Even though the transfer process does not leave the original CVD-grown graphene layer intact, smaller layers of graphene are formed, which maintain the properties of single-layer graphene. Advanced transfer processes may also be combined with the 3D substrates employed here, to prevent cracks and tears of graphene 43 .
Because these substrates are known to provide spatially uniform SERS enhancement factors, graphene tearing is not a severe limitation for Raman spectroscopy with them and requirements on the transfer process can be relaxed. Optoelectronic devices will benefit tremendously from hybrid nanostructured silicon-graphene building blocks with high responsivity due to the large surface area of the nanostructure, fast response speeds due to the reduced dimensions of the materials, and spectrally broad photoresponse. The broadband plasmonic enhancement of the proposed platforms is also beneficial for ultrasensitive SERS-based sensors operating with a variety of laser sources. The ease of fabrication, scalability, and excellent electromagnetic enhancement of laser-structured plasmonic silicon platforms, along with their successful integration with graphene, which may also be extended to most 2D materials and their van der Waals heterojunctions, pave the way for future real-world applications of large-area 2D devices with complex functionalities in the fields of sensing, photonics, optoelectronics, and medical diagnostics, among others.
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